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Abstract
Masters in Telecommunication Engineering
5G Multi-Antenna Vehicle Scattering Characterization
by Kushal DUMRE
In today’s era of Internet, everything is tending to be intelligent enough to be
managed by itself. Following the same line, vehicles are more than vehicular ma-
chines. They are tending to be autonomously driven, able to communicate, and
gather huge amount of data. For this purpose, vehicles of tomorrow should incor-
porate technology to be able to handle these requirements. Not only the internal
communication, external communication is critical and vital to adapt vehicles in
this sophisticated environment of autonomous driving. Connecting the vehicle to
the present huge infrastructure is an important and also an interesting challenge.
The main objective of this thesis is to validate a new approach to study the char-
acterization of the scattering of an antenna in the presence of a supporting vehicle.
This objective is addressed with the base of Radio Frequency (RF) imaging technique
for some potential bands of Fifth Generation Wireless Communication Technology
(5G). Studies are performed for different scenarios to validate the proposal.
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1Chapter 1
Introduction
This chapter aims to provide the introduction of the project and its main parts de-
veloped during the development of this thesis. The principal goal of this work is to
study the potential of some of the promising band of 5G by electromagnetic imaging
for electrically large objects, into the microwave and millimeter wave (mm-wave)
bands. As a consequent step, this thesis provides a feasible approach to study the
signature of a radiating antenna on a vehicular platform i.e. the electromagnetic
parameters by using the electromagnetic sensors as illustrated in figure 1.1.
FIGURE 1.1: Multi-antenna vehicle scattering characterization
Based on the imaging techniques using multiple electromagnetic sensors, a method
for the characterization of canonical objects and also of a vehicle is proposed.
For the validation of this approach, both numerical and experimental analysis
are performed for canonical and realistic platforms. For the canonical analysis, sim-
ulation software is used to model and extract the electric fields properties. Measure-
ment campaign is done to validate the RF imaging approach for the reconstruction
of the scattering effect.
As a figure of merits, the obtained data is post processed to apply the RF imag-
ing and also to characterize the scatterer to obtain the information of the electric
fields. Post processing is explained in detail on how the data obtained from different
approach is treated. Presented results validate the proposed method.
1.1 Motivation
Vehicles of today’s digital society are smart enough to sense the environment and
take actions depending on the circumstances of that, but still not intelligent enough
to communicate with each other or even with any another entity by themselves. In
terms of autonomous driving, connectivity is required to provide the full freedom
to the vehicles, ones from present or the futuristic ones of which we still don’t know
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how they will look like and what will be their capacity apart from self driving. As
they get developed featuring the capacity of communication, probably they will be
able to complement one of the current most important technology, cell phones.
FIGURE 1.2: Estimation of data produced by a futuristic autonomous
vehicle [1]
To exploit this "flood of data" as presented in figure 1.2, connectivity of the ve-
hicles is most required . This connectivity should not be limited only for the basic
advantages of the autonomous driving but also should be designed to make the ve-
hicles parts of the connected society. For this purpose, it’s essential for futuristic
vehicles to have gateway to the huge network infrastructure being deployed today
and also of the future. Newer concepts and improvements of existing Vehicle to In-
frastructure (V2I) and Vehicle to Vehicle (V2V) networks are currently being investi-
gated. But still, vehicles are not able to take advantages of pure V2V communication
by being part of the available infrastructure, because only fewer and newer ones,
also known as connected vehicles, are equipped with external 4G communication
module which is similar to a cell phone. To fulfil the demand of the volume of data
to be produced by vehicles, the capacity of communication systems is a important
factor that should be taken in account. In the present context to address this solu-
tion, multi element antennas are commonly used to increase mainly the bandwidth
capacity in the communication links.
Vehicular communication is an important and interesting topic being discussed
these days. Big and important actors of the digital society have shown their interest
in this emerging sector. For vehicular communications, standards are defined and
many investigations are being done for different frequency bands, which are mainly
centered in sub 6 and in mmwave band [6]. Taking into account the present stan-
dard for Intelligent Transportation Systems (ITS), IEEE 802.11p and also the potential
standards being developed in sub-6 GHz band of 5G communication systems, in this
thesis both bands are considered as a subject of study. For the vehicular communi-
cation, the main motivation to shift to the upper frequency bands is the requirement
of lower latency, higher frequency bandwidth and eventually high accuracy target
detection [7].
On one hand due to the evolution of 5G and its deployment for numerous ap-
plication, it will not take longer to have almost everything being connected to each
other within the similar criteria in term of regulations, operating compatibility and
performance parameters. In other hand, as suggested in [8, 9, 10], the use of the RF
signals to sense or characterize the environment are being more attractive day by
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day in different field of the industry including mainly in industrial, medical, and se-
curity applications. The Main advantage of using the RF signal for source scattering
imaging applications is the possibility to have the resolution as small as λ/2 [11].
1.2 Objectives and Milestones
The main objective of this thesis is to understand the platforms impact in a mi-
crowave operator environment. Different frequency bands are considered in this
work for the purpose of comparison. To do so, a solid theoretical background, use of
different software for calculation and simulation is also required. These objectives
can be outlined in following points.
• Investigation of the state of the art: Study the state of the art of scattering
characterization.
• Theoretical literature: Understand the theoretical background of the concepts
related to this project.
• Software introduction: Understand the basic usage of different softwares to be
used during the development of the thesis.
• Pre-experimental approach: This objective is set for numerical analysis of canon-
ical and realistic platform. Modelling and simulation of a simple scenario is
done.
• Experimental approach: Measurement campaign setup including hardware re-
quirements such as antennas and measurement devices. Translation of the out-
comes from the measurement to the figure of merits presented as results.
1.3 Work Plan
This thesis is divided in main three parts without considering the documentation
phase which are as following.
• Investigation : Theoretical literature, state of the art.
• Analysis : Analysis, theoretical and pre-experimental (numerical and simu-
lated).
• Measurements : Measurement campaign, characterization.
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FIGURE 1.3: Gantt chart with main objectives of the master project.
Figure 1.3 illustrates the general work plan of the master thesis with some of the
main tasks realized.
1.4 Thesis Organization
This Thesis is organized as in following order.
• Chapter 2 provides the theoretical background referred during the whole de-
velopment of this project.
• Chapter 3 illustrates the methods used to develop this work, the details of the
measurement campaign and the related tasks.
• Chapter 4 describes the pre-experimental approach of this project where canon-
ical and realistic scatterers are studied and also the corresponding results are
presented. In this chapter the theoretical knowledge is applied to obtain the
basic results.
• Chapter 5 details the procedure and results to characterize the electromagnetic
signature of a radiating element positioned over a vehicular platform.
• Chapter 6 presents the conclusion of this thesis based on the results presented
in the previous chapters.
5Chapter 2
Theoretical background
This chapter provides the general concept of the theoretical literature related to RF
imaging using electromagnetic signals. Apart from studying the imaging of scat-
terers, this work also focuses the study of channels characteristics. In this chap-
ter, basics of Radio frequency transmission and propagation are explained. Then,
Ray tracing approach, multiple antenna and more specifically MIMO, and wireless
channel characteristics parameters are explained. RF imaging is then explained and
followed by this, a concept of vehicle scattering characterization, exploiting the RF
imaging, is introduced.
2.1 Basics of Transmission
As a basic and a simpler approach, in terms of complexity, Monopole antenna as
transmitting and receiving elements is considered for theoretical study of this work.
Monopole antenna are normally situated vertically on z-axis, above the ground plane
and with feeding on its base.
(A) Monopole antenna (B) Radiation pattern of monopole antenna
FIGURE 2.1: Monopole antenna above finite ground [2]
The typical radiation pattern of a monopole antenna over a finite ground plane is
illustrated in figure 2.1b, situated as in figure 2.1a, on which the maximum radiation
is not at 90◦, but instead around 60◦- 70◦. This change of radiation pattern, compared
to the ideal radiation pattern of a monopole antenna over an infinite ground plane
(maximum on 90◦), is occurred due to the finite ground plane effect. The electric
field produced by the monopole antenna is as presented in (2.1) and this equation,
for a monopole of H = λ/4 can be approximated, for the ideal case, as (2.2)
Eθ = j
η
2pir
e−jkr Im
cos(coskHcosθ)− cosH
senθ
, Eφ = 0 (2.1)
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Eθ = j60
e−jkr
r
Im
cos(pi2 cosθ)
senθ
, Eφ = 0 (2.2)
From the above equation, (2.2), resulting phase of the electric field can be extracted.
Power received by another antenna placed at a distance r can be calculated from
equation of transmissions as in (2.3)
Pr = PtDtDr
(
λ
4pir
)2
(2.3)
where Dt, Dr is the directivity of transmitting and receiving antenna respectively,
which is 3.28 for each [2].
2.1.1 Multipath Propagation
In RF transmission, multipath occurs when a signal takes two or more paths from
the transmitting antenna to the receiving antenna. These different paths, reached to
the receiving antenna, appears due to reflection, refraction or diffraction caused by
an obstacle or a scatterer. When the electromagnetic wave interacts with scatterers,
it experiences an amplitude, phase and polarization change, due to which the direct
signal usually tends to be more stronger.
For example, if we consider a Gaussian pulse as a transmitted signal in frequency
domain, as in the equation 2.4
X( f ) = Ae−2∗(pi∗σ∗ f )
2
(2.4)
where, A is the amplitude of the signal, σ is the duration of the signal pulse and f is
the frequency of transmission.
In the other part, considering the multipath propagation, signal received by the re-
ceptor is equivalent to the equation 2.5
Y( f ) = X( f )ejωt
[
e−jωt0
r0
+
e−jωt1
r1
+.... +
e−jωtn
rn
]
(2.5)
where X(f) is the transmitted signal, ω is the angular frequency in radians, t is time in
seconds, t0 and t1, and r0 and r1 are time of arrival in seconds and distance travelled
in meter by a direct ray and a tap respectively. tn and rn is the Time of arrival (ToA)
and distance travelled by the nth element of multipath respectively. Signal propaga-
tion mode and scattering materials characteristics , for example conductivity, affects
multipath propagation and path loss [12].
2.2 Ray Tracing
Ray tracing concept in electromagnetic propagation was firstly developed by Pierre
de Fermat in 1654, who stated that, “ray takes always the shortest time to travel
from one point to another no matter what sort of reflection the ray belongs to ”[13].
Electromagnetic rays can be classified into basic types, direct rays, reflected rays and
diffracted rays. Furthermore, there exists, other classifications based on combination
of these basic rays such as, double diffraction rays, reflected-diffracted rays etc [14].
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Based on this basic classification and paths of the ray figure 2.2 shows Fermat’s prin-
ciple for three different paths: AB’C, ABC, and AB”C between the source A and sink
C. The wave propagates from A to B and gets reflected towards C because path ABC
is the shortest way of travel.
FIGURE 2.2: Fermat principal for basic ray propagation.
Ray tracing approach takes in account the basic classification of electromagnetic
rays [15], those mentioned earlier, which are as :
• Direct rays
Rays with an un-obstructed trajectory between the source and destination.
• Reflected rays
Rays those which bounce on a smooth mirror surface and thus interacts with
different medium.
• Diffracted ray
A single incident ray generates a large amount of possible diffracted rays when
reaching an edge of a rigid body, which are more complex and dynamic com-
pared to the reflected rays.
Figure 2.3 illustrates the reflection and diffraction of the rays while interacting with
smooth and rigid surface respectively.
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FIGURE 2.3: Rays: Reflected over a smooth surface (left) and
Diffracted on interacting with a Edge forming a cone (right) [3]
Taking in account the complexity of the diffraction of electromagnetic rays, dif-
ferent proposals were made to model the diffraction. Some of the famous are, Geo-
metrical Theory of Diffraction (GTD) and Uniform Theory of Diffraction (UTD). The
model used by Remcomm Wireless InSite, used in this work, X3D is an enhanced
high fidelity ray tracing model which includes reflections, transmissions and diffrac-
tions along with frequency dependent atmospheric absorption.
2.3 Communication SystemWith Multiple Antennas
To cope with above mentioned effects in wireless communication, group of antenna
is used also known as multiple antennas in transmission, in reception or in both.
Multiple antenna technologies have received high attention in the last few decades
for their capabilities to improve the overall system performance. The main advan-
tages of using multiple antenna systems are that, they are capable of increasing link
reliability and channel capacity and can reduce the interference in both uplink and
downlink.
2.3.1 Basic Literature : MIMO
Due to the increasing demand of the high bandwidth and crowded spectrum be-
cause of frequency allocation for various application, efficiency of communication
channel is explored and exploited. In radio communication systems, Multiple Input
Multiple Output (MIMO) is used to improve the channel capacity by using multi-
ple transmission and receiving antennas by taking the advantage of the multipath
propagation. Depending on the techniques of this exploitation, from the signal pro-
cessing approach, MIMO can be divided into 3 sub-categories.
• Precoding
Also known as Beamforming, is a spatial processing done at transmitter tak-
ing in account Channel State Information (CSI), in which the same signal is
emitted from each of the transmit antennas with appropriate phase and gain
weighting such that the signal power is maximized at the receiver input.This
is done through the technique of constructive combination, mainly in terms of
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the phase, of the signal emitted from different antennas. The main objective is
to increase the received signal gain and to reduce the multipath fading effect.
• Spatial Multiplexing
Spatial Multiplexing is a powerful technique for increasing channel capacity at
higher signal-to-noise ratios (SNR) in which higher rate signal is divided into
multiple lower rate streams and each of these streams are transmitted through
different transmitting antennas on same channel (frequency).These streams are
interpreted by receiving array as parallel streams.Combined with precoding,
with the help of CSI, this technique can be used for simultaneous transmission
to multiple receivers, also known as Multi user MIMO .
• Diversity Coding
Diversity coding, without channel information, exploits the independent fad-
ing in the multiple antenna links to enhance signal diversity through space-
time coding techniques.Space time coding is used to improve the reliability of
data transmission using multiple antennas at transmission.
2.3.2 Capacity
A conventional MIMO system can be modelled as in 2.6 where y and x are vectors
of recieved and transmitted signal, and H and n are channel response and AWGN
noise vector respectively.
y = Hx+ n (2.6)
Depending upon the number of transmitting and receiving elements, above equa-
tion can be represented as in 2.7, where each elements of the matrix H represents
each propagation path or channel gain for corresponding transmitting and receiv-
ing antennas.
y1
y2
...
yM
 =

h11 h12 · · · h1N
h21 h22 · · · h2N
...
...
. . .
...
hM1 hM2 · · · hMN


x1
x2
...
xN
+

n1
n2
...
nN
 (2.7)
In information theory, channel capacity is referred as the maximum transmission
rate with very minimal error probability[16]. For a generic MIMO system with ideal
coding, the maximum channel capacity can be represented as in equation 2.8 below.
C = log2
(
det
[
IN +
PT HH∗
PN
])
(2.8)
where, H is Mr × Nt channel matrix normalized to the Forbenius norm, PT and PN
are transmitted power and noise power at reception respectively. This expression
also can be expressed as in 2.9, in terms of eigenvalues i-th element of a matrix
resulting from the product between H and its transpose conjugate[17].
C =
N
∑
i=1
log2
(
1 +
PTλi
PN
)
(2.9)
Depending on the statistical properties of the channel, the ergodic capacity is no
greater than the number, N = min(Nt, Nr) times larger than that of a SISO system.
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On a MIMO system, for a analysis purpose one of the common approach is to study
the correlation of the channel matrix by its channel condition number. The condition
number can be calculated with the largest and lowest eigenvalue as in the following
equation [18].
||H||F =
√√√√ M∑
m=1
N
∑
n=1
|HMN |2 (2.10)
CN(db) = 20log10
λmax(||H||F)
λmin(||H||F) (2.11)
where λmax and λmin correspond to the maximum and the minimum non zero
eigenvalue of the normalized channel matrix, respectively. ||H||F indicates the For-
benius normalization of channel matrix H as illustrated in equation 2.10. A small
channel condition number indicates low correlation and consequently higher chan-
nel capacity.
2.3.3 Correlation
Theoretically, the capacity of MIMO systems improves by increasing the number
of transmitting and receiving antenna elements when the channel gains are uncorre-
lated [19] as a consequence of their channels’ decomposition into an equivalent set of
parallel spatial sub-channels. On the other side, signal correlation limits the achiev-
able capacity of MIMO system resulting negative effect of exploitation of diversity
technique [20]. The main factor to have signal correlation, in realistic environment,
is due to insufficient antenna spacing and sparse scattering environments which de-
creases the spread angle. So, to avoid the signal correlation, while grouping of the
antennas for a better angle spread smaller inter-element distance is needed as can be
seen in figure 2.4. But in other hand, the trade off of this situation is mutual coupling
between the antennas, which has negative impact in channel capacity.
FIGURE 2.4: Correlation for two dipoles with changing inter-element
spacing and three distinct angle of arrival.[4]
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2.4 Characteristics Parameters of Wireless Channel
Eigenvalues are one of the common terms in analysis of linear transformations. As
mentioned in the name, the prefix eigen comes from the German language which
means proper or characteristic. Originally it was used by physicist-mathematician
Euler in 18th century to study principal axes of rotation of rigid body [21]. Currently
eigenvalues and eigenvectors have wide range of application such as vibration anal-
ysis, atomic orbitals, facial recognition, matrix diagonlization, signal processing and
electromagnetic characterization. In signal processing and electromagnetic charac-
terization, some of the major applications are
• Number of significant communication channel in MIMO.
• Spatial location of the dielectric objects or scatterers.
2.4.1 Eigenvalues and Eigenvectors
In linear algebra, an eigenvector or autovector, of a linear transformation, is known
as non-zero vector which is changed only on scalar factor when that linear tranfor-
mation is applied on it.
Theorem
If T is a linear transformation from a vector space V over a field F into itself and v is
a vector in V that is not the zero vector, then v is an eigenvector of T if T(v) is a scalar
multiple of v. This condition can be written as the equation
T(v) = λv (2.12)
where λ is a scalar in the field F, known as the eigenvalue, characteristic value, or
characteristic root associated with the eigenvector v.
2.4.2 Singular Value Decomposition
Singular Value Decomposition (SVD) is a linear algebraic approach used for a factor-
ization of a real or complex matrix.In other terms, it is also defined as eigendecom-
position of symmetric matrix with positive eigenvalues to any m× n matrix. Eigen-
decomposition, is known as factorization of diagonalizable matrices into a canonical
form where it is represented only in terms of eigenvalues and eigenvectors.
Theorem
For a m × n matrix M,with elements, from the filed K, of either real or complex
numbers, there exists a algebraic factorization as following.
M = UΣV∗ (2.13)
• U is a m×m unitary matrix over K , unitary matrices are orthogonal matrices),
• Σ is a diagonal m× n matrix with non-negative real numbers on the diagonal,
• V is an n× n unitary matrix over K, and V∗ is the conjugate transpose of V.
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The diagonal entries δi of matrix Σ are known as Singular values of M. These sin-
gular values, are non negative real numbers and commonly listed in descending
order. For a given matrix M, if non null eigenvalues of MH M are λi, then
√
λi are
the singular values of M [22].
2.5 Scatterer Characterization
Imaging or mapping technique consists in representing the scattered electromag-
netic field between number of electromagnetic sensors (mainly transmitters and/or
receivers) on a certain region, covering as much as possible the area on which RF
mapping is to be done [9, 23]. The main objective is to obtain the spatial and electri-
cal information of the extended object εr relative to the original background constant
εb of the Area of Interest (AoI) So, with an object or a scatterer as shown in figure 2.5.
FIGURE 2.5: Scatterer mapping technique sensing geometry
The equivalent electric current distribution induced on AoI when the scatterer
is illuminated with an electromagnetic field generated by the transmitter located at
the distance of~rTi at a frequency f , i.e., E(~r, f ;~rTi), is proportional to the electrical
contrast c(~r) = (et(~r)− eb)/eb and it is defined as:
Jeq(~r, f ;~rTi) = jωebc(~r)E(~r, f ;~rTi) (2.14)
On an AoI with a set of MT transmitting elements and MR receiving element,
the scattered field received by a receiver positioned at~rRj created by the equivalent
current Jeq(~r, f ;~rTi) can be expressed as:
Es(~rRj , f ,~rTi) = −jωµ0
∫
Vo
Jeq(~r, f ;~rTi)G(|~rRj −~r|, f )dV (2.15)
where G(|~rRj −~r|, f ) is the Green’s function for the particular 2D or 3D geometry.
The main difference is that, some vertical formulation based on 3-D Green function
should be used to compensate the effects like vertical diffraction and depolarisation,
caused due to the object inhomogeneities in the z-axis.
For the reconstruction or imaging of the scatterer, the AoI is reconstructed to form
image points by means of focused group of antennas, of transmitters and receivers.
As a reconstruction algorithm, the resulting scattered field matrix Es is mathemati-
cally treated with corresponding weights over each specific point of the reconstruc-
tion area. This focusing algorithm restores the changes in phase and amplitude of
waves travelling from transmitting antenna to the analyzed point and then to the re-
ceiving antenna. These electromagnetic waves suffer the corresponding amplitude
and phase propagation changes modulated by the refraction and diffraction due to
the presence of the scatterer. Applying the compensating focusing algorithm on the
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channel matrix for all points of the space grid, a replica of the environment to be
reconstructed is obtained.
(A) Electric field without scatterer (B) Electric field with scatterer
FIGURE 2.6: Reconstruction a scatterer
Also, the scattered field Es can be expressed as in equation 2.16, where ETOTALTi Rj is
the total electric field with the presence of the scatterer and EBACKTi Rj is the electric field only
of the scenario in a free space conditions, as seen in figure 2.6.
Es = ETOTALTi Rj − EBACKTi Rj (2.16)
In terms of sampling in frequency domain systems, minimum number of views Nφ
should be respected to guarantee no loss of the information. Nφ is equal to the number
of coefficients of cylindrical mode expansion of the scattered field.[9] This results in a maxi-
mum angular step ∆φ as shown in equation 2.17. Also to mitigate with the aliasing problem
appropriate frequency step must be chosen as in equation 2.18.
∆φ = λmin/(2a) (2.17)
∆ f =
c0
4(a + δa)
(2.18)
where, λmin is the minimum wavelength, c0 is the propagation velocity of the light, a is
the radius of a circle encircling the object and δa is a margin of delays to be considered.
Furthermore, using the channel properties obtained during the reconstruction, charac-
terization of the wireless channel over AoI can be done by obtaining parameters such as
the eigenvalues and eigenvectors of the scattered fields matrix [24]. Following the same
approach as by authors in the paper[25], using the SVD method characteristics parameters
(eigenvalues and eigenvectors) of the whole scenario under investigation can be obtained.
These parameters relate to the main scatterers spatial position indicating the source of the
scattered electric field Es.
ESMT×MR = UMT×MTΣMT×NR V
T
NR×NR (2.19)
where the columns of U are the left eigenvectors related to the transmission array, S is a
diagonal matrix including the eigenvalues and VT is the transpose matrix of the right eigen-
vectors, related to the receiving array. Total number of these eigenvectors corresponds to the
number of antennas in the arrays of transmission and reception corresponding to T and R
respectively.
14 Chapter 2. Theoretical background
2.6 Signature Characterizations of an Antenna on Vehicular
Platform
Exploiting the RF imaging concept used in scatterer characterization, as a next step in this
work, the signature of the radiating element over the vehicular platform is studied. The
main objective is to extract the information of the distribution of equivalent electric current
induced by the radiation antenna.
FIGURE 2.7: Enhanced Scatterer characterization technique sensing
geometry
In this case, our objective is to obtain the electrical information of the extended object
εp relative to the original background constant εt over the scatterer surface S1 as shown in
figure 2.7.
(A) Electric field without scatterer (B) Electric field with scatterer
FIGURE 2.8: Radiating element footprint over the vehicular platform
using multi-sensor arrays for imaging
In this case, the electric field produced by the passive radiating element Eant, which can
be calculated as in equation 2.20.
Eant = ETOTALTi Rj − EBACKTi Rj (2.20)
where, ETOTALTi Rj is the total electric field produced with the presence of the radiating element
over the vehicular platform and EBACKTi Rj is the electric field produced only in the presence of
the vehicular platform, for example a vehicle as represented in figure 2.8.
Using the same algorithm as before for the characterization of the scatterer, contributed
values of the phase and the amplitude of the electromagnetic waves due the radiating an-
tenna are restored. This distribution of electric current can be considered equivalent as of
active radiating element, in other words a transmitting antenna over the vehicular platform.
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From this approach, characteristics of the radiating element over the scatterer can be
done through the imaging process. The main advantage of using this technique is that, no
any sophisticated measurement system is required to study the complex electromagnetic
properties over the surface of any platform such as, equivalent electric current distribution
proportional to the electric field produced by the antenna.
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Chapter 3
Methodology
The following chapter presents the methodology used in this work. The preface gives a
general overview of the main steps and tools used in order to obtain the results. This is
followed by the description of two different approach of this work, theoretical and exper-
imental. Measurement campaign is described in detail from basic setup to the operation.
Finally, data processing is explained, which provides the general idea of how the radiation
parameters obtained from both approaches are dealt to apply the imaging algorithm and for
the result presentation.
3.1 Preface
FIGURE 3.1: General representation of main steps of workflow fol-
lowed the programs used for this work and the programs used.
Figure 3.1 represents the main steps of the workflow followed to develop this thesis. First, for
a theoretical approach, MATLAB is used for numerical analysis of focusing and scattering
mapping techniques as explained in chapter 4.2. Later, as a pre-experimental approach, sim-
ulation is done in two phases, at first for RF imaging WirelessInsiteRemcom 1 is used, which
uses X3D propagation model, to model and study the characteristics of a wireless channel
in a modelled scenario and later, CST studiosite18 2 is used to characterize the scatterer in
presence of radiating element or antenna. At last and as a final task, for a measurement
campaign, a scenario with a scatterrer, is set up where the Vector Network Analyzer (VNA)
is used to measure the channel response affected by the scatterer and other parameters of
the scenario between multi element transmitting and receiving antenna.
1Remcom is a wireless propagation software developed by Wireless Insite
2CST is a 3D electromagnetic simulation software developed by Dassault systems
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Data obtained from all of the above mentioned approach were post processed in MATLAB.
This post-processing basically consists on scatterer imaging algorithm application and in
some case, calculation of characteristics parameters of the channel through the Singular
Value Decomposition (SVD) analysis.
3.2 Numerical Approach
As a major part of the development of this work, after the literature of the state of the art and
necessary theoretical background, different canonical structures are analyzed, as well asa
realistic vehicular platform. For a numerical analysis, concepts and the formulae presented
in chapter 2 are developed in MATLAB over which RF imaging and mapping techniques are
applied. After the theoretical approach, for a more reasonable study, a simple scenario was
modelled in Remcom, to obtain the communication and electromagnetic parameters, which
are to be used later in post processing to obtain the figures of merit presented as results.
For a more detailed study of the electromagnetic effects, mainly the current distribution, of
the scatterer in presence of a radiation element, CST is used. The main reason to choose,
CST StudioSite instead of Remcom, is to take advantage of the computational time and the
usage experience.
3.3 Experimental Approach
As an experimental approach of this work, different simulations and measurement cam-
paign are performed. A measurement campaign is done to validate the pre - experimental
study from which theoretical and simulation results were obtained.
Depending on the development of the work, different figures of merits and different
scenarios are considered more relevant and thus presented in this work basically in aspect
of the information that could be extracted.
3.4 Measurement Campaign
As a part of the experimental approach, over the completion of theoretical and simulation
study, below described measurement campaign is carried out during the development of
this thesis. This campaign is performed in same order as below.
3.4.1 Antenna Setup
Conical Ultra Wide Band antenna designed by the authors [5, 26]are used as transmitting
and receiving antennas which are able to cover a wide frequency range from 2 to 35 GHz
with similar characteristics for whole range. These individual antennas forms the part of
electromagnetic sensors to be set up.
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(A) UWB Antenna (B) S11 parameter
FIGURE 3.2: UWB antenna, physical structure and frequency re-
sponse [5].
As seen in the figure, for frequency range of 3 - 4 GHz ( fcentral = 3.6GHz) and 24 - 30
GHz ( fcentral = 26GHz), promising frequency range of emerging 5G communication, S11
parameters are below -15 dB.For curious readers, its highly recommended to check more
details about this antenna and whole designing and manufacturing process [5].
3.4.2 Scenario Setup
For the measurement process, multiple conical antennas are mounted up over a metallic
ground plane with same separation for transmission and reception, which are placed in
an orthogonal coordinates of the scenario where the measurement is performed. For the
measurement of channel, i.e. S− parameters, N5247A PNA-X VNA is used, in which trans-
mitting and receiving antennas are connected on respective ports as shown in figure 3.3.
Measurement scenario is set up inside an anechoic chamber 3 and VNA is operated from
outside.As a target firstly, a metallic cylinder was used.
FIGURE 3.3: Overview of measurement scenario with antennas and a
single scatterer in the centre
3It is not necessary to perform the measurement inside an anechoic chamber as the electric field
not related to the scatterer can be compensated during post-processing.Furthermore, doing so all of
the scatterer characteristics can be studied. In this work, it is done inside an anechoic chamber as
scattering characterization of a specific element is studied.
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As shown in the figure above, on two ports of the VNA transmitting and receiving an-
tennas placed on X and Y axis 4 respectively are connected through the coaxial cable which
is previously evaluated for the correct functionality in the operating frequency. Before the
feeding point of the antenna, the cable passes through the switch from which transmit-
ting/receiving element from the arrays of the antennas can be selected depending upon
the specific case of measurement. This switch is implemented for both arrays of antennas
and is also evaluated previously for the frequency ranges and is used for the selection of a
specific antenna for Tx - Rx purpose on each array. The dark gray color represent the area of
measurement which is also the anechoic chamber.
3.4.3 Measurement Data Obtainment
VNA is set-up to operate from the outside of the area of measurement, from where measure-
ment data is stored, which will be post processed in MATLAB to obtain the figures of the
merit. For each case of measurement, two different measurements is taken; one with scat-
tering element/s and another without any scattering element in the scenario. As in the post
processing only the contribution of scattering element is taken, these measurements data are
used to eliminate the the free space electric field and only use the scattered field.
These results are processed to determine the scattering source of the electric fields i.e.
scatterer itself through the eigenvectors representation and imaging algorithm.
3.5 Data Post Processing
Once the information about electromagnetic behaviour in presence of the scatterer is ex-
tracted through the simulation and measurement, post processing is done, in MATLAB, to
apply the RF imaging algorithm so to characterize the scatterer.
4The coordinates of the location of the antenna are referred as X and Y axis respectively for tx and
rx antennas during the whole work and are relative to the scenario
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FIGURE 3.4: General information of data processing
The post processing is illustrated in figure 3.45 where propagated electric fields or scat-
tering parameters (s-parameters) between transmitting and receiving antennas is used as
input. This information source, either is obtained through the simulation or from the mea-
surement campaign. For the theoretical studies, it is calculated numerically. After this, the
virtual scenario is defined to construct the electromagnetic arrays (transmitting and receiv-
ing antennas), their position and the separation between the antennas. This virtual scenario
is constructed in accordance with the geometry of the scenario used in the simulation and
defined during the measurement campaign. After that, for the characterization purpose,
scatterer geometry is imported as 3D file to be used as mesh over which the distribution of
equivalent electric currents is to be projected.
After the definition and creation of the geometry, Focusing is applied to the input in or-
der to construct the scattered electric field which is used for RF imaging. As next step the
result of RF imaging is represented, constructing the replica of the scatterer through which
the scattered field is generated. Over this electric field, SVD analysis is done, to obtain the
characteristics parameters which represent the reflectivity caused by the scatterer in the sce-
nario. As result, position of the scatterer is obtained which is also the source of the scattered
electric field and also the equivalent electric field distribution over the scatterer when a ra-
diating element is placed.
5Light colored rectangles represents the methods done, bright green color represents the algorithm
and analysis performed and the input parameter is represented by a cube.
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Scatterer Imaging
As a pre-experimental approach on this work, based on the theoretical background men-
tioned on chapter 2, characterization of a scatterer is done using RF imaging technique is
done. As a first milestone, analysis of a discrete scatterer is done and later analysis of the
canonical geometrical structures, which consists of study of general and simple geometrical
objects such as a smooth cylinder, so thus to validate the results. For this, following scenario
as of in the figure 4.1 is taken as reference.
FIGURE 4.1: Scenario of Area of Interest (AoI), where the distance
dtx−object and drx−object is different for each antennas depending on
their position.
Arrays of sensors antennas are placed orthogonally over the scenario with a scatterer in
it. Distance between antennas of each array corresponds to the half wavelength for different
cases, sub 6 or mmwave band. The scenario consists of the dimensions of 50 cm × 50 cm
and the center of the arrays of the sensors antennas are on the center of each axis forming
the boundary of the scenario.
4.1 Preface
For this approach, first numerical analysis is done completely in MATLAB and later analysis
of a canonical objects is done by the help of the simulation software. For the validation of
the outcome of the results obtained, experimental approach is performed. Later to obtain
the figure of merits, post processing is done.
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4.2 Numerical Analysis of Discrete Scatterer
In this section, a theoretical scenario of dimension 50cm× 50cm with scatterer as an object
and 4× 4 transmitting and receiving elements is created. Discrete delta is used as the scat-
terer for the numerical analysis. In the scenario as of figure 4.1, electric field received by the
receiving element is as following
~Eθ =
e(−jkdtx−obj)
dtx−object
e(−jkdrx−obj)
drx−object
(4.1)
where k = 2piλ is the wavenumber and the distance between object to transmitting and re-
ceiving element are
dtxi−obj =
√
(Py)2 + (Px − Ptx−i)2, drxi−obj =
√
(Px)2 + (Py − Prx−i)2 (4.2)
this distance of equation 4.2 is calculated for each transmitting and receiving antenna, de-
pending on number of antennas i.e. from i to n. Ptx−i) and Prx−i) are the axis distance of the
specific transmitting and receiving antenna of the respective arrays. If measured from the
center of the array, this relative distance is different for each antenna because of the separa-
tion between antennas.
Once obtained the electric field, imaging algorithm is applied for the reconstruction of
the object as explained in 2.15, using inverse Greens’ function for phase compensation. The
phase compensation consists on, applying the correction factor of the phase produced due
to the propagation due to the distances dtxi−obj and drxi−obj. Inside the Area of Interest (AoI),
scattering object is placed in different position to validate the result for different scenario. As
explained earlier, using the channel characteristics parameters object position is determined
using eigenvectors.
4.2.1 Sub 6 GHz band
For a sub-6 GHz band of 5G, frequency range from 3 - 4 GHz was chosen for the analysis
in this work. Inter-element distance between the antennas is set to λ2 , 5 cm considering
the frequency 3 GHz.Transmitting and receiving antennas are placed at the centre of the
respective coordinates, horizontal and vertical respectively.In total three study cases were
done by changing the position of the scatterer.Studied scenario and the results obtained for
each case are presented below.As figure of merit, eigenvector representation and result of
imaging algorithm are presented below for each scenarios.
(A) Eigenvectors (B) Reconstructed object
FIGURE 4.2: Object located at the centre of AoI Px, Py = 25cm, 25cm
As represented above, in figure 4.2a, when the scatterer is placed in the centre of the
scenario, resulting eigenvector of the transmitting and receiving antenna points towards the
centre i.e. location of the scatterer. And in figure 4.2b the result of the imaging algorithm is
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represented, which in some extent, as per the intensity of the colors, gives the location of the
scatterer.
(A) Eigenvectors (B) Reconstructed object
FIGURE 4.3: Object located at top right of AoI Px, Py = 45cm, 45cm
In this case, location of the scatterer is changed from the centre to the top right corner,
further from both transmitting and receiving antenna. Due to which, resulting eigenvectors
pointing is also moved as the scatterer as in figure 4.3a. Similarly, as in previous case, the
result of imaging algorithm, in figure 4.3b depict the position of the scatterer.
(A) Eigenvectors (B) Reconstructed object
FIGURE 4.4: Object located at bottom left of AoI Px, Py = 15cm, 15cm
To study another case, scatterer in the left bottom of the scenario i.e. closer from the
transmitters and receivers. Eigenvectors representation as in figure 4.4a points towards the
scatterer but in presence of one secondary lobe. However the result of imaging algorithm,
validates the position of the scatterer.
In all of the results obtained above, Eigenvectors for each scenario point towards the
scatterer from where the scattered electric field Es is obtained. Reconstructed image of the
scatterer represents the its exact position. In the plots of scatterer imaging, linear scale is
used to color the result, where the highest value is 1 and the lowest in 0. In terms of colors,
this values corresponds to dark red and dark blue respectively. In other terms, these values
also can be associated as the presence of the scatterer i.e. highest value, dark red, to the
centre of the scatterer and the lowest value, dark red, to the empty space.
In third case, figure 4.4, the reconstructed image is not as precise as in other cases which
is due to the position of the scatterer between first transmitting and receiving antennas and
in very closer distance. It can be observed that, first elements of the arrays of the sensor
antennas have higher impact as total distance of propagation is comparatively lower, which
contributes to the magnitude and the phase of the generated scattered electric field.
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4.2.2 Millimeter Wave band
For this study, frequency range from 24 GHz to 30 GHz was chosen with steps of 600 MHz
to make the frequency sample (N f = 11) same as in sub - 6 GHz band.The separation be-
tween the antennas is reduced to 5 mm for the geometrical symmetry and more importantly
respecting the criteria of separation of λ2 corresponding to the frequency 30 GHz.In figures
below, for each scenario, eigenvector representation and results obtained after focusing al-
gorithm are presented.
(A) Eigenvectors (B) Reconstructed object
FIGURE 4.5: Object located at the centre of AoI Px, Py = 25cm, 25cm
For the scatterer located at the centre of the scenario, resulting eigenvectors and the
result of imaging algorithm depict the location of the scatterer.Similar as in the same case of
the previous part, both results of the figure 4.5 gives the information about the presence of
the scatterer located at the centre of the scenario.
(A) Eigenvectors (B) Reconstructed object
FIGURE 4.6: Object located at top right of AoI Px, Py = 45cm, 45cm
In this case, the scatterer is moved to the top right corner. After calculating the electric
field affected due to the scatterer imaging algorithm is applied. The results of eigenvectors
representation and imaging of figure 4.6 reflects the source of scatterred electric field and the
position of the scatterer respectively.
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(A) Eigenvectors (B) Reconstructed object
FIGURE 4.7: Object located at bottom left of AoI Px, Py = 15cm, 15cm
As the last case for the theoretical study, the scatterer is moved to the left bottom of the
area making it closer to the antennas.Results of the figure, 4.7 illustrates the eigenvectors
and imaging of the given scatterer. Difference to the results obtained for the sub - 6 GHz for
same scenario as in figure 4.4, in this case the secondary lobe doesn’t appears on eigenvectors
representation.
In this result for sub-30 GHz band, both focusing algorithm and eigenvectors have better
results in terms of resolution of the reconstructed object. One of the main reason for this
improvement is due to the increase of the frequency, which can be translated to the smaller
wavelength and this leads to the improvement of the longitudinal resolution. Due to this,
reconstructed images are more realistic, the illuminated region is around the object and the
resulting images is more cleaner as compared to the results of sub-6 GHz band. For the same
reason, as the transverse resolution remains same the resulting images of the scatterer can be
observed a bit stretched as compared to the results of the lower frequency band, where the
images were more circular. Another thing to be noted is that, as the inter-element distance
of the sensor arrays is smaller in this frequency band ( almost 10 times smaller), resulting
illumination of the same unchanged scatterer is of degraded shape.
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4.3 Analysis of Canonical Scatterers
As a second approach of pre-experimental analysis, theoretical scenario defined previously,
as in figure 4.1 was modelled in Wireless Insite Remcomm to obtain the electric fields in the
presence of the scatterer. As a transmitting and receiving elements, MIMO with monopoles
antennas are placed orthogonally in a same plane (XY) to each other as represented in figure
4.8. As a scatterer, octagonal cylinder is used. In this approach, two different scenarios,
with a single and two scatterers, for both sub-6 and mmW bands is modelled. In Remcomm,
this model is simulated to obtain the electric field which is later processed in MATLAB to
use for the focusing algorithm and also to calculate the channels characteristics parameters,
eigenvalues and eigenvectors.
(A) Modelled scenario for sub-6 GHz
with 1 scatterer
(B) Modelled scenario for Millimeter Wave
band with 2 scatterers
FIGURE 4.8: Modelled scenarios in Remcomm
Transmitting and receiving antennas are modelled as points and are placed orthogonally
on a same plane with a corresponding distance of separation depending on the frequency
range. Some of the parameters of modelling and simulation are illustrated in table below.
Properties of propagation model i.e. X3D, used by Remcomm, is set to maximum as shown
in table 4.2.
Parameter Value
Distance between Tx/Rx elements (dtx, drx) λ2
Transmission Power (Ptx) 0 dBm
Frequency range (f) 3 - 4, 24 - 30 GHz
Frequency samples (∆ fhigh,∆ flow) 11 (100 , 600 MHz)
TABLE 4.1: Overview of main simulation parameters
Propagation model X3D
Number of transmission paths 1
Number of reflection paths 2
Number of diffraction paths 13
TABLE 4.2: Overview of propagation model parameters used in
Remcomm
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FIGURE 4.9: Propagation paths of the rays with 2 scatterers in the
scenario, for the mmwave frequency range
Figure 4.9 illustrates one of the output of the simulation software Remcomm, propaga-
tion paths, which indicates the number of rays from one transmission point (TXpoint = 4)
and reached to all of the receivers. As a scatterer, two identical metallic cylinders of 1 cm
diameters are places in two different positions of the diagonal of the scenario. In red color,
direct rays between transmitter and receivers can be observed while in orange and blue are
the rays reached to receivers after interacting with a single and both scatterers respectively.
These interactions leads to the decrease of the power when they reach to the receivers, this
power change can be observed in the color of each rays following the legend of the figure.
The strongest ray (direct ray) arrives with −46.73 dBm while the weakest ray (after interact-
ing with two scatterers in following order, transmission - diffraction - diffraction - diffraction
- reception) arrives with −106.50 dBm.
4.3.1 Sub 6 band
In this section, results of the scatterer imaging for sub 6 band are presented.
(A) Eigenvectors (B) Reconstructed object
FIGURE 4.10: Reconstruction of 1 scatterer
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FIGURE 4.11: Eigenvalues representation for sub 6 frequency range
with 1 scatterer in the scenario
Above results represent the results for the simulated scenario where a single scatterer is
placed in the centre. Figure 4.10 illustrates the eigenvectors representation and the imaging
of the scatterer respectively. Figure 4.11 depict the eigenvalue, which characterize the chan-
nel, for the whole frequency band used for the simulation. Number of significant eigenvalue,
as seen in figure 4.11 conforms the presence of the single scatterer in the scenario. Curiously
also a non significant eigenvalue can be observed which is remarkably lower to be uncon-
sidered as compared to the significant one..
(A) Eigenvectors (B) Reconstructed object
FIGURE 4.12: Reconstruction of 2 scatterers
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FIGURE 4.13: Eigenvalues representation for sub 6 frequency range
with 2 scatterers in the scenario
In this case, instead of only one scatterer in the centre, the scenario is modeled with
two scatterer. Similar as in the previous case, figures above represents the scatterer posi-
tion through eigenvectors representation and imaging plot. The eigenvalues as of the figure
4.13 also represents the presence of the scatterer but in terms of reflectivity. Two significant
eigenvalues represents the presence of two reflectors or in other words source of the scat-
tered electric field in the scenario. Resulting number of interactions is higher in terms of
propagation due to the presence of two scatterers.
4.3.2 Millimeter Wave band
In this section, results of the scatterer imaging for mmW band are presented.
(A) Eigenvectors (B) Reconstructed object
FIGURE 4.14: Reconstruction of 1 scatterer
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FIGURE 4.15: Eigenvalues representation for frequency range of 24 -
30 GHz with 1 scatterer in the scenario
Similar as in the results for sub 6 band, the scatterer position is indicated by the figure
4.14. A notable change that can be observed is the improvement of the longitudinal reso-
lution, which leads toward certain deformation of the illuminated region. This illuminated
region indicates the location of the scatterer. Also to be mentioned that, non significant
eigenvalues have higher value as compared to the similar case of sub 6 results which is con-
tributed by higher value of the frequency, or the smaller wave length of the signals.
(A) Eigenvectors (B) Reconstructed object
FIGURE 4.16: Reconstruction of 2 scatterers
FIGURE 4.17: Eigenvalues representation for sub 6 frequency range
with 2 scatterers in the scenario
Results obtained from above simulation depict the location of two scatterer. Each eigen-
vectors of figure 4.16a points towards the position of the scatterer, which were located during
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the simulation. Eigenvalues, as of the figure 4.17 represents the major interactions of the elec-
tromagnetic rays travelling from the array of transmitters to the receivers passing through
the both of the scatterers.
As can be observed, figures illustrating eigenvalues, for example in 4.15 and 4.17 repre-
sents the evolution of eigenvalues along the frequency range. Also it may be observed that,
each scatterer contributes with an eigenvalue whose level depends on the relative illumi-
nation among them. Total number of significant non-null eigenvalues is an indicator of the
reflectivity of the environment, which is directly proportional to the presence of the scatterer
in that environment [27].
4.4 Experimental Validation
In this point, after the pre - experimental study, to validate the proposed approach of con-
struction of the scatterer, experimental approach is done. All of the studies realized before
in the previous chapters are performed in a real environment using the available resources.
This chapter relates in detail the measurement campaign performed, as explained pre-
viously in Measurement Campaign 3.4. At first, scenario setup is explained and after that,
results for different studies are presented in respective parts.
4.4.1 Scenario Setup for Measurement
As an experimental approach of this work, measurement campaign was carried out in a sim-
ilar scenario as of the theoretical approach. Both sub-6 and sub-30 GHz band was covered
in single measurement thanks to the Ultra Wide Band (UWB) antennas. This chapter points
up the main tasks realized during this campaign and final results obtained.
FIGURE 4.18: Measurement scenario setup
Figure 4.18 illustrates the scenario setup details done during the measurement cam-
paign. Above case is for the measurement of electric fields with a single scatterer positioned
in the centre of the scenario inside the anechoic chamber. Results form the measurement
campaign are presented below in this section. VNA is set up to operate from the outside,
even though switching of the antennas of both transmitting and receiving, is done manually.
Also, for the measurement of two different electric field, of the free space and with the pres-
ence of scatterer, scatterer is taken off manually for every combination of transmitting and
receiving antenna.
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Parameters Value
Frequency range 3 - 4 GHz
Number of points (frequency sample) 11 (100 MHz)
TABLE 4.3: Frequency parameters for the measurements
During the measurement campaign, complex value of the electric field is taken for all
the frequency span up to 40 GHz. But only the better results, for lower frequencies i.e. sub-6
band are presented. During the data post processing, only the desired values as mentioned
in the table 4.3 are considered.
4.4.2 Single Scatterer
As a first approach of experimental approach, 1 scatterer was placed in different location
of the scenario so thus to apply focusing algorithm for image reconstruction. In following
figures, results for different cases are presented.
(A) Imaging of the scatterer placed at the cen-
tre Px, Py = 25cm, 25cm
(B) Imaging of the scatterer placed at the up-
per part Px, Py = 75cm, 75cm
FIGURE 4.19: Imaging of a single scatterer located on two different
positions of the scenario
(A) Imaging of the scatterer placed at the up-
per - left corner Px, Py = 25cm, 75cm
(B) Imaging of the scatterer placed at the bot-
tom - right corner Px, Py = 75cm, 25cm
FIGURE 4.20: Imaging of a single scatterer located on a symmetric
distance from the receiving 4.20a and transmitting 4.20b antennas.
In above figures, results for the different cases depending upon the position of the scat-
terers are presented. In figure 4.19, scatterer is placed in two different position among the
diagonal of the scenario and in figure 4.20 scatterer is placed near the axis of transmission
and reception antennas.
As seen in the results, on every case position of the scatterer is as indicated in the figures.
But in case of the second results, as in figure 4.20, presence of the replica of the scatterer can
be observed.
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4.4.3 Two Scatterers
After the measurement and reconstruction of 1 scatterer in different positions of the scenario,
for further validation of the RF imaging, 2 scatterers are used. Results obtained are presented
in the figure 4.21.
FIGURE 4.21: Imaging of 2 scatterers
Figure 4.21 illustrates the potential positions of the scatterers located in the scenario. Two
illuminations can be observed which indicates the possible but not very precise positions of
the scatterer. Some other residual illuminations can be obesrved in all results, but mainly in
4.20 in the case, where a single scatterer in placed near to the sensor antenna array.
On both results form the experiment and the simulations, such type of anomaly are
present when using multiple scatterers. This type of preliminary results, motivates towards
the correction of those by improving the measurement system or through the correction
mechanism during the data post processing. In this work, further improvement of this
anomaly is not treated.
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Scatterer Characterization
Taking advantage of the the concept of scatterer imaging, as a next step, characterization of
the antenna current signature on vehicles is obtained. This characterization of the current
signature of an antenna placed on the vehicle using differential scattering technique consists
on study of the electric current produced by the passive radiating element, when it is illu-
minated by electromagnetic waves. In this work different geometrical structure as vehicular
platforms, both canonical and real, are considered from a metallic sphere to a scaled car with
a realistic geometry. The modelled vehicle and all geometries are fully metallic. In a real life
situation, a vehicle is not fully metallic. So this factor should be considered while comparing
to the realistic car.
5.1 Preface
In this chapter, the electromagnetic characterization of an antenna on a scatter is presented.
To obtain this characterization, at first only the electromagnetic scattering behaviour pro-
duced by the vehicular platform is studied and later the electromagnetic behaviour of the
scatterer along with the radiating element was studied. For this study, CST studio site 2018
was used for modelling and to obtain the radiation parameters. At first, the characterization
study is done using canonical structures as vehicular platforms, for example a sphere and a
cylinder. And then, a 1:25 scaled vehicle is used.
(A) Simulated sphere in CST with a passive
monopole on the top (north pole).
(B) Simulated cylinder in CST with a passive
dipole in the lateral part.
FIGURE 5.1: Geometry of canonical structure used for characteriza-
tion
In above figures, two different canonical objects, (a metallic sphere 5.1a and a metallic
cylinder 5.1b designed in CST) with radiating element are shown which were modelled in
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the simulation software. On the edges of the box of the figures, on each axis transmitting
and receiving antenna can be seen which were used as electromagnetic source and sensor.
FIGURE 5.2: Simulated car in CST
A scaled car, as in figure 5.2 is used for the simulation to study the characterization in
two different cases. In the first case, a short-circuited monopole is placed in the roof of the car
and in the second case, a short-circuited dipole is placed on the side of the car, the position
of the side mirror of the car.
Array of transmitting and receiving antennas are placed orthogonally as electromagnetic
sensores to acquire the electromagnetic information of the scenario. This sensing consists
on intercepting this information which is only contributed by the obstacles in the scenario
by eliminating other contributions like direct communication link between these antennas,
static reflecting obstacles.
(A) Simulated car in CST with a passive
monopole on the roof
(B) Simulated car in CST with a passive
dipole in the lateral part.
FIGURE 5.3: Simulation scenario of a vehicle in CST
Depending upon the position of the radiating elements, transmitting and receiving an-
tennas are placed differently to study the resolution in the relevant plane. When a short-
circuited antenna, a monopole with ground plane as a scatterer itself, is placed on the top of
the vehicular platform, sensing antennas are placed orthogonally on different plane. Trans-
mitters in XZ plane and receivers in XY plane to extract the information of electric current on
the roof. When a short-circuited antenna, a dipole , is placed on the lateral part of the vehic-
ular platform, sensing antennas are placed orthognally on same plane i.e. both transmitters
and receivers on XY plane to study the distribution of electric field and current in the lateral
side.
5.2. Characterization of Canonical Structures 39
5.2 Characterization of Canonical Structures
In this section, results of the characterization of the canonical structures are presented. The
results presented provides the current distribution information for two different bands, sub-
6 and mmwave bands, where the frequency values are of 2-4 GHz and 26-30 GHz. respec-
tively.
5.2.1 Sub 6 GHz Band
For the sub 6 GHz band, results from the simulations done in CST are present below. Pa-
rameters, such as separation between transmitting and receiving antennas, passive antennas
dimensions are adapted to 3 GHz band.
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A
m
pl
it
ud
e
Ph
as
e
A
m
pl
it
ud
e
Ph
as
e
TABLE 5.1: Relative amplitude and phase of the electric current pro-
duced by short-circuited element on a canonical structures for sub 6
GHz band
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In the table 5.1, characterizing results for the canonical structure, a sphere and a cylinder
is presented for 3 different values of the frequency of sub 6 GHz band. All of the figures
presented are the representation of resulting amplitude and the phase of electric field pro-
duced by the corresponding passive radiation element. In first two rows the amplitude and
the phase produced over a sphere for different value of frequency are presented respectively.
Followed by this, results for cylinder is presented for a similar approach.
As can be seen above, as the value of the frequency increases, the resolution of the imag-
ing improves providing the better information of the current distribution over the geomet-
rical structure. It can be observed clearly in the representation of the amplitude, where the
illuminated region (yellow color) is reduced when the value of the frequency is increased. In
other hand, outcome of the phase representation is similar to the stationary wave produced
over the geometrical structure by set of transmitters and receivers. As can be observed in the
figures above, propagation of the phase corresponding to the distance can be seen. Over the
both geometrical structure for each value of the frequency, the initial point of the propaga-
tion of the phase is the closer equivalent distance from the position of the transmitters and
receivers.
(A) Monopole on the top (B) Dipole on the lateral part
FIGURE 5.4: Signature of the radiating element over canonical vehic-
ular platform for the frequency 4 GHz
Signature of the radiating element over a platform can be observed in the figure 5.4. In
one case, on the surface of the sphere, the resulting illumination is the magnitude of the rel-
ative amplitude of the electric field produced by the radiating antenna 5.4a. In another case,
obtained result is due to the presence of a radiating element on the lateral part of the plat-
form 5.4b. These positions of the radiating antenna over two different platform corresponds
to the illustration as in figure 5.1.
5.2. Characterization of Canonical Structures 41
5.2.2 mmWave Band
For the identical geometric structures, similar study is done for the mmwave band. The
main objective of this study, in particular, is to study the characterization for this band with
better spatial resolution due to the higher value of the frequency.
Data 26 GHz 28 GHz 30 GHz
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TABLE 5.2: Relative amplitude and phase of the electric current
produced by short-circuited element on a canonical structures for
mmwave band
For a mmwave band, the presented results as in table 5.2, illustrates the characterization
of the electric effects produced by the passive element with better resolution. In the figures
above, as can be seen the change of the phase is very fast due to the higher value of the
frequency which improves the resolution as the wavelength is smaller. The improvement of
the resolution of the amplitude as the frequency increases can be observed more clearly in
case of the cylinder, where the illuminated region is smaller for the highest frequency.
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5.3 Characterization of a Vehicle
Instead of the canonical structures, a characterization of a vehicle is done to study the the
distribution of the electric current produced by the passive element. Below results for the
sub 6 GHz band are presented.
Data 2 GHz 3 GHz 4 GHz
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TABLE 5.3: Relative amplitude and phase of electric current produced
by short-circuited element on a vehicle for sub 6 GHz band
First two rows provides the results for a vehicle with a passive element on a roof and last
two rows represents the result for a vehicle with a passive radiating element on the lateral
part of the car. Figures illustrating the amplitude, which represents the magnitude of the
relative amplitude of the equivalent electric current generated due to the re-radiation of the
passive elements. Similarly as before, the improvement of the resolution of the representa-
tion of the amplitude can be observed when increasing the frequency. Corresponding area,
nearer to the passive radiating element, is illuminated with higher magnitude which can be
considered as the distribution of the equivalent electric current.
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(A) Monopole on the roof of the car (B) Dipole on the side mirror
FIGURE 5.5: Signature characterization of a radiating element over a
car for the frequency 4 GHz
As represented by the figure 5.5a, normalized amplitude of the distribution of the electric
current produced by the radiating element placed at the top of the car can be seen. To extract
the electromagnetic information, sensor antennas were placed orthogonally on a different
plane, XY and XZ to have the resolution on the roof of the vehicle. This distribution can be
considered as of the active radiating element. On the other hand, in figure 5.5b, the signature
of a radiating element placed on the side mirror of the car can be seen. In this case, sensor
antennas were placed orthogonally on a same plane i.e. XY to have the resolution of the
lateral part of the vehicle
These positions of the antennas are most common these days being deployed in the car
for a various communication purpose. Electromagnetic information of such scenario can be
studied through this approach.
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5.4 Experimental Validation
In this point, after having studied through the pre-experimental approach the signature of
the radiating antenna over different vehicular platforms. Experimental analysis is done to
validate the feasibility of the proposed concept.
5.4.1 Scenario Setup for Measurement
A simple scenario is setup to obtain the characteristics of the electromagnetic propagation
of the scenario for two cases of measurement which are, electric field only with vehicle and
electric field with a radiating element over the top of the vehicle. Measurements were done
only to study the signature of the radiating antenna placed over the roof of the vehicle.
FIGURE 5.6: Characterization result for a car with antenna on a top
for the frequency 4 GHz
Figure 5.6 shows the setup for the measurement inside the an-echoic chamber. The vehi-
cle , a 1:25 scaled car, is placed on a support to be on a same height of the arrays of the sensor
antennas. On the roof of the vehicle, a monopole antenna is placed short-circuiting with the
roof of the vehicle which also acts as ground plane for the monopole antenna.
Used vehicle, a die cast car, is of dimension 25 cm × 6 cm × 5 cm with realistic parts like
glassed windows and similar curves. After the post processing of the obtained data during
the the measurement campaign, results representing the signature of the radiating antenna
is plotted over the metallic rectangle of exact dimension as of the used car. This is done to
plot the signature only on the surface.
Even though this specific type of scenario was modeled previously in pre-experimental
approach with the sensor antennas on different orthogonal plane for the better resolution,
in this experimental approach those antennas are place on same orthogonal plane for the
simpler setup.
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5.4.2 Results
Obtained results in MATLAB are presented below for the sub 6 GHz band. Resulting ampli-
tude and the phase of the signature of the radiating antenna is presentet in table below.
Data 2 GHz 3 GHz 4 GHz
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TABLE 5.4: Relative amplitude and phase of electric current produced
by short-circuited element on a vehicle for 4 GHz
5.4.3 Amplitude of the Signature
Below, the magnitude of the amplitude of the signature of the radiating element is presented.
The represented view is from the azimuth and the shown plane is the roof of the vehicle.
FIGURE 5.7: Relative amplitude representation over vehicle for sub 6
GHz band
In figure 5.7, resulting amplitude produced only in the presence of the radiating element
on the roof is represented. This results shows the illuminated region, central part of the
rectangle or equivalent to the roof, containing the signature of the radiating antenna.
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Chapter 6
Conclusions
This chapter concludes the presented research work in this thesis. Furthermore, potential
directions for future work are proposed.
In this thesis, a feasible method is proposed for the characterization of a vehicular plat-
form scattering, but applicable to any generic geometrical structure.
Exploiting the RF imaging concept used by tomographic radars, distribution of the elec-
tric current produced over the geometrical structures was studied to validate the method.
It is deduced that for this type of characterization, frequency band is very significant as the
resolution of the characterization depends on the wavelength.
To validate the proposal of characterization, taking in account the projection of vehicular
communication based on 5G, characterization of the vehicle with a radiating element for two
potential frequency bands was studied. Results obtained after the post processing of data
obtained from the theoretical, simulation and experimental approach were presented. Every
aspects of these approaches were explained in detail.
It is shown that the used method for the characterization proposal can provide some
significant outcome that can be used for the positioning of the antenna on the vehicle. The
main advantage of using RF imaging technique is that, details of the characteristics of the
electric field produced such as distribution of the equivalent current can be obtained without
a sophisticated measurement systems with probes.
Further study is required for the improvement and to design an upgraded setup of the
measurement systems for the higher frequency bands. The main improvement that can be
done as a continuation of this work is to correct the anomaly appeared in the results. Dif-
ferent antennas can be used, for example multi frequency antennas instead of monopoles.
Amortization of some process done during the measurement campaign can also bring a sig-
nificant improvement on the results. Research on equipment and setup to be able to perform
the characterization up to 60 GHz band will be interested follow up of this project. Also, one
of the future work can be , study the the detection (RF imaging) and the characterization in
a realistic scenario for example a indoor scenario with other electrically considerable objects
on the surrounding.
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Abstract—In this paper, sub-6GHz and millimeter-wave
(mmW) band channel scattering characterization are performed
and imaging reconstruction is obtained by using a 2-D scatterer
mapping technique based on Multi-frequency Bi-focusing (MF-
BF). The data matrix is also processed to obtain its eigenvalues
and eigenvectors. A relation between the eigenvalues and the
number of scatterers and the eigenvectors and the scatterers
spatial localization is obtained.
I. INTRODUCTION
With the progressive deployment of the 5G and its growing
needs for higher capacities, the frequency spectrum is ex-
ploited at sub-6GHz and extended to millimeter-wave ranges.
Both bands have their specific characteristics in terms of
capacity (higher at higher frequencies), coverage (better at
lower frequencies) and positioning (robustness of the location,
potentially better at lower frequencies, and accuracy, poten-
tially better at higher frequencies).
In this paper, the scattering properties of an indoor scenario
are characterized at both sub-6GHz (3–4 GHz) and mmW
frequencies (24-30 GHz). Different channel parameters are
extracted, as well as the process to obtain the reconstructed
image. A 2D scatterer sensing and mapping technique based
on a MF-BF is applied to reconstruct the presented scenar-
ios. The scattered field matrices are post-processed also to
obtain their eigenvalues and eigenvectors and relate them to
the spatial distribution of the scatterers on the area under
reconstruction.
II. 2D SCATTERER MAPPING TECHNIQUE
The general idea for the Scatterer Mapping technique [1],
[2] consists in distributing a certain number of microwave
sensors (transmitters and/or receivers) on a certain region,
covering as much as possible the area under investigation,
as shown in figure 1. The goal is to obtain the spatial and
electrical information of the extended object εr relative to the
original background constant εb of the interrogation area So.
The object can be a continuous distribution or a discrete set
of objects Sk with electrical permittivity εSk(~r).
The equivalent electric current distribution that is induced
when the scatterer is illuminated with an electromagnetic field
generated by the transmitter located at ~rTi at a frequency
f , i.e., E(~r, f ;~rTi), is proportional to the electrical contrast
c(~r) = (t(~r)− b)/b and it is defined as:
Jeq(~r, f ;~rTi) = jωbc(~r)E(~r, f ;~rTi) (1)
Fig. 1: Scatterer Mapping Technique Sensing Geometry
A set of MT transmitters and MR receivers are used to
scan the interrogation area where the reconstruction algo-
rithm is applied. First, the information (or channel) matrix
E is obtained as follows. For every transmitting element,
the receiving array is scanned over each receiving element,
obtaining an MR measurement vector. This procedure is done
for all MT transmitting elements, thus to obtain MT × NR
matrix. The scattered field captured by a receiver positioned
at ~rRj created by the equivalent current Jeq(~r, f ;~rTi) can be
expressed as:
Es(~rRj , f, ~rTi) = −jωµ0
∫
V o
Jeq(~r, f ;~rTi)G(|~rRj−~r|, f)dV ,
(2)
where G(|~rRj − ~r|, f) is the Green’s function. Vertical for-
mulation based on 3-D Green function should be used to
compensate the effects like vertical diffraction and depolarisa-
tion, caused due to the object inhomogeneities in the z-axis.
Additionally, the scattered field Es may be expressed as in
equation 3, where Etotal is the electric field with the presence
of scatterer and Ebackground is the electric field without any
object in the scenario.
Es = Etotal − Ebackground (3)
For the reconstruction of the scatterer, image points of the
scenario are formed by means of synthesising two groups
of focused antennas (transmitting and receiving). The re-
sulting scattered field matrix Es is mathematically treated
with corresponding weights, using the focusing algorithm over
each specific point of the reconstruction area. This focusing
algorithm restores the changes in phase and amplitude of
waves travelling from transmitting antenna to the analyzed
point and then to the receiving antenna. These electromagnetic
waves suffer refraction and diffraction due to the presence
of the scatterer. Applying this focusing algorithm on the
channel matrix for all points of the space grid, a replica of
the environment to be reconstructed is obtained.
The system provides also useful information for the char-
acterization of the wireless channel by obtaining parameters
such as the eigenvalues and eigenvectors of the scattered fields
matrix [3]. Following the same approach as in [4], the Singular
Value Decomposition (SVD) is applied to the scenario under
investigation.
ESMT×MR = UMT×MT SMT×MRV
T
MR×MR (4)
where the columns of U are the left eigenvectors related
to the transmission array, S is a diagonal matrix including
the eigenvalues and V T is the transpose matrix of the right
eigenvectors, related to the receiving array.
III. INDOOR SCENARIO
The scenario considered in this study is depicted in Fig.
2. Three dielectric cylinders of 50 mm of diameter are spread
over a 0.5 m×0.5 m room. Two orthogonal arrays of 5 ele-
ments each are placed at two edges of the scenario, centered
with respect each dimension, with an inter-element separation
of dTx = dRx. For the low frequency band (3–4 GHz), the
distance is 50 mm, whereas for the higher band (24–30 GHz)
is 5 mm, corresponding to the half-wavelength values at the
respective lowest and highest frequency.
The particular dielectric properties of the cylinders are
discussed in section IV.
Fig. 2: Indoor Scenario for simulation
IV. NUMERICAL RESULTS
The algorithm is performed over different scenarios in
order to validate its performance under several conditions.
The focusing capabilities are tested and some parameters such
as the Multiple-Input and Multiple-Output (MIMO) channel
eigenvalues and eigenvectors are analyzed to obtain relevant
information about the scatterers. The number of frequency
samples is kept constant for both frequency bands (Nf = 11),
corresponding to steps of ∆flow = 100MHz and ∆fhigh =
600MHz for the lower and upper bands.
(a) εr = 2.5 (b) εr = 10
Fig. 3: Single cylinder focusing for 3–4 GHz band for two
different permittivity values.
(a) εr = 2.5 (b) εr = 10
Fig. 4: Single cylinder focusing for 24–30 GHz band for two
different permittivity values.
The first case under study concerns the use of the two
frequency bands under investigation, i.e., 3–4 GHz and 24–
30 GHz to model the geometry of a single scatterer. In
addition, two situations are considered: low and high dielectric
constant (εr,low = 2.5 and εr,high = 10). The focusing for the
lower frequency band is depicted in Fig. 3. The dielectric
cylinder is properly reconstructed when high permittivity
is assumed, whereas the pattern is distorted for the low
permittivity cylinder. In Fig. 4, the same analysis is performed
for the upper frequency band. The influence of the dielectric
properties of the cylinder is not as high as in previous
case. Now, the circular section is not shown, but a flattened
projection in the diagonal axis covering only a small section
of the cylinder.
Once the focusing capabilities of the system are analyzed,
the complete scenario is deployed including the three di-
electric cylinders. From this point forward, only the case of
high permittivity material is considered. Fig. 5 shows the
focused fields for the two frequency bands, for which the
same analysis of the single scatterer case can be extended.
The scattered fields matrix is normalized by means of
the Frobenius norm and then decomposed into the singular
vector and value matrices. Fig. 6 depicts the evolution of the
eigenvalues over the lower frequency range for the case of one
and three cylinders in the scenario, whereas Fig. 7 presents
the equivalent values for the upper band. It can be observed
that each scatterer contributes with an eigenvalue whose level
depends on the relative illumination among them.
Finally, the eigenvectors associated to the main eigenvalues,
one for each scatterer present in the scenario, are used to
spatially locate the dielectric cylinders. They are taken as the
amplitude and phase of the array weights. In particular, the left
(a) 3–4 GHz (b) 24–30 GHz
Fig. 5: Focused fields of the three-scatterer scenario at the
two frequency bands.
(a) One cylinder
(b) Three cylinders
Fig. 6: Distribution of the scattered field matrix eigenvalues
between 3 and 4 GHz when (a) one or (b) three cylinders with
εr = 10 are present.
eigenvectors generate the radiation pattern of the transmitter
array and the right eigenvectors, the receiving one. Fig. 8 and
Fig. 9 show those patterns at the central frequency of the two
studied bands, i.e., 3.5 GHz and 27 GH, respectively.
The patterns are degraded by the presence of the other
scatterers and in some cases there is not a clear maximum
towards the real direction of the cylinder. The diagrams
corresponding to the lower eigenvalues are the most affected
and it is difficult to discern the exact position of the scatterer.
V. CONCLUSION
In this paper, the capabilities of the MF-BF imaging algo-
rithm and the SVD technique are discused to obtain the spatial
reconstruction of dielectric scatterers present in a certain area
of interest.
The proposed system is based on two orthogonal arrays
which focus the region where the scatterers are located to
(a) One cylinder
(b) Three cylinders
Fig. 7: Distribution of the scattered field matrix eigenvalues
between 24 and 30 GHz when (a) one or (b) three cylinders
with εr = 10 are present.
Fig. 8: Radiation patterns of the equivalent arrays weighted
with the eigenvectors of the scattered fields matrix (f =
3.5GHz)
create a recontructed image of the environment. The study
is extended to two frequency bands, one in the sub-6 GHz
region and another close to the mmW band. The impact of
the scatterer dielectric properties in the resulting image is also
analyzed.
The number of channel matrix eigenvalues clearly different
from zero is an indicator of the reflectivity of the environ-
Fig. 9: Radiation patterns of the equivalent arrays weighted
with the eigenvectors of the scattered fields matrix (f =
27GHz)
ment and the number of main scattering points. Moreover,
the eigenvalues level provide an intuitive perception of the
strength of the scattered fields by each scatterer. The matrix
eigenvectors are used to weight each antenna element on the
transmitting and receiving arrays to locate each scatter.
The potential of the singular value decomposition in under-
standing the channel propagation characteristics has also been
highlighted.
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